Rabies is a fatal zoonosis caused by a nonsegmented negative-strand RNA virus, namely, rabies virus (RABV). Apart from RABV, at least 10 additional species are known as rabies-related lyssaviruses (RRVs), and some of them are responsible for occasional spillovers into humans. More lyssaviruses have also been detected recently in different bat ecosystems, thanks to the application of molecular diagnostic methods. Due to the variety of the members of the genus Lyssavirus, there is the necessity to develop a reliable molecular assay for rabies diagnosis able to detect and differentiate among the existing rabies and rabies-related viruses. In the present study, a pyrosequencing protocol targeting the 3 terminus of the nucleoprotein (N) gene was applied for the rapid characterization of lyssaviruses. Correct identification of species was achieved for each sample tested. Results from the pyrosequencing assay were also confirmed by those obtained using the Sanger sequencing method. A pan-lyssavirus one-step reverse transcription (RT)-PCR was developed within the framework of the pyrosequencing procedure. The sensitivity (Se) of the one-step RT-PCR assay was determined by using in vitro-transcribed RNA and serial dilutions of titrated viruses. The assay demonstrated high analytical and relative specificity (Sp) (98.94%) and sensitivity (99.71%). To date, this is the first case in which pyrosequencing has been applied for lyssavirus identification using a cheaper diagnostic approach than the one for all the other protocols for rapid typing that we are acquainted with. Results from this study indicate that this procedure is suitable for lyssavirus detection in samples of both human and animal origin.
Rabies is an acute encephalomyelitis caused by a nonsegmented negative strand of RNA virus belonging to the genus Lyssavirus transmitted to humans by rabid animals. Although international organizations have recognized the disease as being a high-priority zoonosis, rabies is still widely neglected in most developing countries. The World Health Organization (WHO) annually encounters at least 10 million people receiving postexposure treatment and 55,000 human deaths per year, mostly children in Asia and Africa (23) . This estimation certainly needs a more accurate investigation, since modeling of human rabies in various countries where it is enzootic revealed a clearly higher incidence of the disease in areas under survey (27, 28) . The genus Lyssavirus includes 11 species, among which is the classical rabies virus (RABV), which is distributed worldwide and one of the main causes of human rabies deaths. Ten additional species, generally known as rabies-related lyssaviruses (RRVs), are currently recognized by the International Committee on the Taxonomy of Viruses (ICTV). These include Lagos bat virus (LBV), Mokola virus (MOKV), Duvenhage virus (DUVV), European bat lyssavirus types 1 (EBLV-1) and 2 (EBLV-2), and Australian bat lyssavirus (ABLV). These species have established geographical niches, being distributed in bat populations worldwide, with the exception of MOKV, an African lyssavirus for which the reservoir species is still unresolved (31) . Except for LBV, spillover transmission of RRV to humans has been demonstrated, inducing a fatal encephalomyelitis clinically indistinguishable from the one caused by RABV (31) . Four new species have been classified recently for Aravan, Khujand, Irkut, and West Caucasian bat viruses, all of them isolated from bats in Central Asia, with only one laboratory-confirmed case of spillover to humans (25) . In addition, at least 2 new lyssaviruses isolated in Africa have been described: a tentative new lyssavirus species (initially proposed as genotype 8) (13) and an unclassified lyssavirus, Shimoni bat virus, which seemed to be infecting a Commerson's leaf-nosed bat (Hipposideros commersoni) in Kenya (24) . These findings all suggest that further lyssaviruses remain to be detected.
Reliable and rapid diagnosis is a prerequisite for both monitoring lyssavirus distribution in animal reservoirs and identifying cases of rabies in humans. The use of a diagnostic method able to identify and distinguish among all lyssaviruses is particularly needed when imported cases occur in rabies-free areas (12) or when a lyssavirus succeeds in crossing the species barrier to infect an unexpected novel host (8) . To date, the fluorescent antibody test (FAT) is the most widely adopted method for rabies diagnosis and is also the gold standard and is followed by virus isolation on cell culture (the rabies tissue culture isolation test [RTCIT]), which should replace isolation in mice (the mouse inoculation test [MIT] ) as the method recommended by international organizations (1, 2) . The FAT is mainly a postmortem diagnostic tool since it is performed on brain specimens, not applicable to other kinds of samples (i.e., cerebrospinal fluid and saliva), and implemented only with difficulty to skin biopsy specimens (6) . Its sensitivity (Se) is strongly affected by the freshness of the sample and by the viral strain (11) . As a matter of fact, commercially available reagents for rabies diagnosis are designed for the detection of classical RABV. Molecular methods have been adopted recently as confirmatory assays or as first-choice methods in those cases in which intra vitam diagnosis for humans is required. Molecular protocols dedicated to RNA viral detection demonstrate good performances for human rabies diagnosis and are currently adopted as diagnostic tools. They are based on nested and real-time reverse transcription (RT)-PCR (5, 9, 19, 30) or nucleic acid sequence-based amplification (NASBA) (36, 37) . Other protocols have also been developed to be used in animal diagnosis (3, 20, 35, 38, 39) . However, all presently available methods have showed some limitations. In particular, heminested RT (hnRT)-PCR methods are subjected to contamination events due to a further manipulation of samples. The efficacy of probe-based real-time RT-PCR is influenced by mutations that arise during viral replication or in the case of an occurrence of a new strain (20, 30) . Moreover, due to the variety of the members of the genus Lyssavirus, it is essential for a reliable molecular assay to be able to detect but also differentiate among existent rabies and rabies-related viruses. However, almost all of the molecular techniques available (9, 19, 30, 35, 36, 38) require further sequencing of PCR products for lyssavirus typing, adding on an extra day for completing and interpreting results. The requirement for further genomic sequencing in order to clearly define the species involved in the infection increases the time and final cost of the complete analysis.
Recently, microarray protocols for the detection of lyssaviruses have been able to demonstrate a high species-level concordance with standard reference assays (7, 18) . Although potentially suitable for a diagnostic purpose, the method is still not used on a routine basis.
In the present study, we have applied pyrosequencing to lyssavirus typing, targeting the 3Ј terminus of the nucleoprotein (N) gene. The pyrosequencing and the one-step RT-PCR developed for this purpose have also been validated with field samples from humans and animals.
MATERIALS AND METHODS
Viruses and bacterial strains. Selected viruses and bacteria were used to test the specificity and sensitivity of the one-step RT-PCR assay. A panel of 18 lyssaviruses (including 7 species) were used in order to test the specificity of the method. In addition, 2 unassigned rhabdoviridae, 2 flaviviridae, 1 paramyxoviridae, 9 herpesviridae, 8 bacteria, and 4 protozoans were also tested ( Table 1) . Viral working stocks for the standardization of the assay were produced on BHK-21 (ATCC CCL-10) and BSR cells (a clone of BHK-21 cells), respectively, for RABV (CVS-11, batch Pd20) and EBLV-1 (8918FRA, batch Pd2). The median tissue culture infectious dose (TCID 50 /ml) of virus used in the sensitivity tests was calculated according to the Spearman-Karber formula (26) . Viruses other than lyssaviruses used in this study were propagated in different cell substrates: RK-13 (ATCC CCL-37) and equine derma primary cells for equine herpesviruses, Vero dogSLAM.tag cells (33) RNA extraction. Viral RNA was extracted from clinical samples and supernatants of cell cultures as previously described (13) or by using the Nucleospin RNA II kit, according to the manufacturer's instructions (Macherey-Nagel, Germany). For the latter, 100 l of sample suspension was used for the extraction, and RNA was eluted in a final volume of 60 l and stored at Ϫ80°C.
Primer set design. A lyssavirus-specific primer set was designed on a relatively conserved region of the N gene. This region was selected as the prototype for lyssavirus typing and because of the relatively large availability of N gene sequences in the GenBank database (accession numbers of complete sequences used for primer design are disclosed in Table S1 in the supplemental material). We performed a multiple alignment using complete nucleotide sequences of the N gene available for historical and recent lyssaviruses., with a total of 76, 3, 4, 2, 6, 3, and 2 different sequences for RABV, LBV, MOKV, DUVV, EBLV-1, EBLV-2, and ABLV, respectively (alignment available on request). Publicly available sequences of the recently identified bat lyssaviruses, namely, Aravan, Khujand, Irkut, West Caucasian, and Shimoni bat viruses, were also aligned. The expected 603-bp amplification product comprised the 3Ј terminus of the nucleoprotein gene, which has been used widely for lyssavirus classification as the most variable region among the N genes of known species (22) . Particularly, the forward primer used for both PCR amplification and pyrosequencing reactions was designed on top of the starting codon of the N gene so that the further 30-bp sequence obtained through pyrosequencing allows a rapid typing of the viral strain analyzed among the existent lyssavirus species. In order to be able to anneal with all the different species, the reverse biotinylated primer encompassed 5 different polymorphisms and was used as a mixture of three single primers, namely, Rab Rev Pyro-biot1, 2, and 3, each harboring 1, 2, and 2 distinct polymorphisms, respectively ( Table 2 ). The reverse primer mixture was then composed by an equal concentration of all three primers, allowing for better control of the ratio of the different degenerated primers in the final mixture.
One-step RT-PCR and sequencing. The one-step RT-PCR was performed using the OneStep RT-PCR kit (Qiagen, Germany), according to the manufacturer's instructions. The final primer concentration applied to the PCR was 400 nM. Five microliters of isolated RNA was added to 45 l of master mix, with a final volume of 50 l. The following protocol was used: 30 min at 50°C and 15 min at 95°C followed by 45 cycles at 94°C for 30 s, 52°C for 30 s, and 72°C for 40 s. The pyrosequencing protocol was performed according to previously described steps (29, 32) . Briefly, biotinylated amplicons were detected by gel electrophoresis using 7% silver-stained polyacrylamide gel, further captured with streptavidin Sepharose beads, and purified with a vacuum prep workstation according to the manufacturer's instructions (Biotage, Uppsala, Sweden). Single-stranded biotinylated DNAs were then transferred to 40 l annealing buffer containing pyrosequencing primers at a final concentration of 0.5 M. Pyrosequencing reactions were performed using the Pyromark ID platform (Biotage, Uppsala, Sweden). The quality of pyrograms of 30 to 40 bp was satisfactory in all the tested samples.
The conventional sequencing method was also applied by using the amplified product obtained by the one-step RT-PCR assay. Briefly, 603-bp sequences were generated using the BigDye Terminator, version 3.1, cycle sequencing kit (Applied Biosystems, Foster City, CA) and primers used in the one-step RT-PCR assay. The products of the sequencing reactions were cleaned up using the Performa DTR ultra 96-well kit (Edge BioSystems, Gaithersburg, MD) and Assay analytical specificity and sensitivity. The specificity of the primer set was tested on nucleic acids extracted from a panel of microorganisms which may naturally cause encephalitis or nervous signs of disease in mammals and humans (Table 1 ). Each strain was tested in triplicate.
The limit of detection (LoD) (14) of the one-step RT-PCR protocol was evaluated by different approaches. First, RNA was extracted from cell culture supernatant containing 10-fold serial dilutions of RABV (CVS-11) and EBLV-1 (8918FRA) titrated according to the Spearman-Karber formula (26) . Second, tests were performed on brain and saliva specimens to establish whether the sample matrices could influence analytical sensitivity. Brains obtained from specific pathogen-free (SPF) mice were weighed (0.1 g) and homogenized with sterile quartz sand in 1 ml (1:10, wt/vol) of phosphate-buffered saline (PBS; pH 7.4). The homogenates were then blended with the tested viruses, serially diluted, and processed for RNA extraction. Saliva was obtained from 6 healthy human volunteers, pooled, blended with the tested viruses, serially diluted, and processed for RNA extraction. Each dilution was tested in triplicate.
The LoD of the method was arbitrarily defined as the last dilution at which at least 2 out of 3 replicates of each dilution were positive. Finally, to determine the LoD of the RT-PCR protocol in terms of RNA copy numbers, in vitro-transcribed RNA of 7 prototype species was analyzed. Briefly, a segment of viral genome covering the entire open reading frame (ORF) of the N genes of selected viruses was generated using primers specifically designed for each species (primer sequences available on request), and the amplification products (1,480 to 1,657 bp) were cloned into the pCR-II vector using the dual promoter TOPO TA cloning kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Recombinant plasmids were isolated from positive E. coli colonies using the GenElute plasmid miniprep kit (Sigma-Aldrich, St. Louis, MO). The synthetic N genes were sequenced using specific primers (sequences available on request). The N-insert control plasmids were linearized using the restriction enzyme HindIII (Roche Diagnostics, Penzberg, Germany) except for the plasmid with the MOKV insert, which was linearized with BamHI (New England BioLabs, MA). The in vitro-transcribed RNA was obtained from the T7 promoter using the MEGAscript T7 kit (Ambion, Inc.) according to the manufacturer's recommendations and then quantified by a UV BioPhotometer (Eppendorf, Hamburg, Germany). The number of the RNA copies was calculated according to the formula reported in a previous study (17) . Ten-fold dilutions of the RNA transcripts, ranging from 10 8 to 10 Ϫ1 copies/l, were prepared. The LoD of the assay was determined by independent, triplicate experiments.
Clinical sensitivity and specificity of the assay. To evaluate whether or not the RT-PCR assay could be used as a reliable tool for rabies diagnosis, we retrospectively analyzed 897 samples collected from animals (n ϭ 882) and humans (n ϭ 12) between 1992 and 2010 and from cell culture supernatants (n ϭ 3). Samples consisted of brain tissues from clinical samples (n ϭ 782) and from mice inoculated intracerebrally (n ϭ 42) with fixed strains or field samples, salivary gland specimens (n ϭ 1), oral swabs (n ϭ 24) and blood clot specimens (n ϭ 10) from bat surveillance, human saliva (n ϭ 9), skin biopsy specimens from naturally (n ϭ 3) and experimentally infected animals (n ϭ 23), and cell culture supernatants (n ϭ 3). Brain samples from 28 mammalian species (including humans) were tested. The strains responsible for the infection belonged to 7 lyssavirus species, representative of 5 continents (see Table S2 in the supplemental material).
Assay performances were compared to those of the FAT, as a gold-standard test. Clinical sensitivity (Se) and specificity (Sp) and their confidence interval (CI; 95%) were calculated between the one-step RT-PCR developed and the FAT as the gold standard test. The McNemar test and Cohen's agreement value (K) were then calculated (15) .
Comparison with hnRT-PCR. A total of 45 brain samples and 23 skin biopsy specimens were analyzed in parallel by the one-step RT-PCR assay developed and the well-established hnRT-PCR previously described (9). The protocol described by Dacheux and colleagues (9) was developed and standardized in three laboratories, one in France and two in developing countries where rabies is still endemic (Cambodia and Madagascar), and it is currently used to diagnose human rabies (intra vitam and postmortem) using saliva, urine, and skin biopsy specimens.
RESULTS
Analytical laboratory evaluation. The primer set designed was first tested in silico, using the Mega4 program (34), and was able to anneal to all sequences analyzed, including those from putative new species. In addition, the primer set designed was also able to detect the RNA of all 7 lyssavirus species tested. No positive results were obtained with any of the other organisms listed in Table 1 , indicating high specificity.
In terms of the N gene copy number, the LoD was 10 gene copies/l of starting material of in vitro-transcribed RNA for RABV, MOKV, EBLV-1, and EBLV-2, 10 2 gene copies/l for DUVV and ABLV, and 10 3 gene copies/l for LBV. The LoD of the method relative to the infectious virus titer detectable ranged between 0.5 ϫ 10 Ϫ0.2 and 0.5 ϫ 10 1.24 TCID 50 /ml for CVS-11 and EBLV-1, respectively ( Table 3 ). The alignment between the sequences of the mixture of degenerated reverse primers and of the synthetic N genes showed a total of mismatches less or equal to 6 for species RABV, MOKV, EBLV-1, and EBLV-2, which were detected at a concentration of 10 gene copies/l. Total mismatches observed were 7 for LBV, DUVV, and ABLV, for which the LoD ranged between 10 2 and 10 3 gene copies/l. Clinical detection of viral RNA in samples collected from naturally and experimentally infected animals and from humans. A total of 824 samples (Table 4) was analyzed by the FAT, as the gold standard for rabies diagnosis and by the onestep RT-PCR object of this study (Table 5) . One out of the 824 analyzed samples was negative by this method and positive by FAT. Eight samples were positive by this method but were not confirmed by the standard FAT method. All of them were further confirmed as RABV by both pyrosequencing and classical sequencing. The hnRT-PCR (9) was applied to those 8 samples, confirming 4 of them as positive.
The one-step RT-PCR showed high relative specificity (98.94%, CI of 97.55 to 99.65) and sensitivity (99.71%, CI of 98.40 to 99.99) values in comparison with those obtained with the FAT used as a gold-standard method. The accuracy of the method was calculated as 98.90%. The agreement between the one-step RT-PCR developed and the gold-standard method (FAT) was calculated as 98.91%, with a Cohen's kappa coefficient of 0.977, which corresponds to an almost perfect agreement between the two methods. The difference between them calculated by applying the McNemar test was considered statistically significant ( 2 ϭ 5.44), as it indicated that the different results obtained were due to intrinsic characteristics of the two methods.
A total of 68 samples was tested in parallel by the one-step RT-PCR assay (including the 9 previous specimens for which discrepant results were obtained with the FAT) and the previously described hnRT-PCR (9) . A total of 62 of them (91.18%) showed complete agreement between the two methods (Table 5) . Rapid differentiation of seven lyssavirus species through pyrosequencing. Pyrosequencing was applied to all 375 samples that tested positive by the one-step RT-PCR. Using the pyrosequencing approach, taxonomic classification of all seven lyssavirus species was possible (see Table S2 in the supplemental material). Results obtained by using pyrosequencing were directly analyzed by the software and clearly reported as an Identifire summary report (Identifire Software; Biotage, Uppsala, Sweden). All pyrosequencing results showed complete agreement with those obtained using the Sanger method of sequencing.
DISCUSSION
In the present study, a one-step RT-PCR assay followed by pyrosequencing was developed to potentially and simultaneously detect and rapidly type all known lyssaviruses. The 3Ј terminus of the viral genome as a target for the amplified product allowed us to properly identify the virus involved in the infection, either by applying pyrosequencing or classical sequencing. We demonstrated that the pyrosequencing protocol could easily differentiate among lyssavirus species, and results were in complete agreement with those obtained using the Sanger sequencing method.
To date, real-time and heminested RT (hnRT)-PCRs have been favored in the diagnosis of rabies, as they provide a better performance if compared to endpoint, not nested, protocols. However, the one-step RT-PCR developed in this study demonstrated high sensitivity and specificity levels and a high value of accuracy here as well as in previously published studies (5, 9, 19, 20, 35) . The method was in fact capable of detecting less than 1 TCID 50 /ml and 10 gene copies/l of the synthetic RNA of RABV. Several advantages characterize this newly developed method, such as the rapidity in obtaining a final diagnosis, the lower cost, and the possibility to directly identify the lyssavirus species involved in the infection. A maximum time span of about 5 h from the submission to the final typing of a positive field sample is needed to analyze a suspect sample in laboratory conditions. Starting from the amplified products, a pyrosequencing analysis requires only 2 h to obtain the final result in almost half the time of that for classical Sanger sequencing. Pyrosequencing analysis does not need any terminator enzymes or prior purification steps, thus resulting in limited costs per analysis if compared to classical sequencing. In fact, we have estimated the average cost (calculation made according to European standards) for the developed pyrosequencing protocol between 3.87 to 6.03 euros/sample (for 96 or 25 samples analyzed/run, respectively), compared to 9.86 euros/reaction for the classical sequencing method.
We found a total of only 9 discrepant results out of the analyzed 897 samples using multiple diagnostic tests (Table 5) . This occurrence is a rather expected event when a large set of clinical samples are included in a validation process, and this could have several explanations, such as the different targets and sensitivity levels of the applied protocols. Molecular methods are able to reveal low infection levels, as well as low levels of contamination potentially occurring during the diagnostic process, from the collection of samples to the final step of amplification.
Although the occurrence of detecting failures could not be completely excluded, the use of the one-step RT-PCR in association with pyrosequencing presents the advantage of being a mutation-resistant method, since it is based on primers designed on conserved regions, while the most variable region is pyrosequenced. Any unexpected polymorphisms occurring in the target sequence could be easily identified. This is in contrast with probe-based methods, such as real-time PCR, for which results can be negatively affected by the occurrence of viral mutations since the design of the probe is on the most variable region. In the case of pyrosequencing, the 30-to 40-nt fragment is sequenced more efficiently than that obtained by the Sanger method. The purpose of applying pyrosequencing is to give rapid information on the species responsible for the infection. Although further molecular analyses and phylogeny are beyond the aims of the method, results obtained can be easily integrated by conventional sequencing. Thus, the use of PCR products previously obtained and primers used for the one-step RT-PCR optimize and reduce time of testing. Further details about the lineage of the virus and its phylogeny will be obtained by sequencing the region amplified (603 bp).
The method that we developed has the advantage of being applicable to a variety of samples of human and animal origins and represents the main diagnostic tool when standard protocols are not applicable, i.e., intra vitam diagnosis. The majority of samples analyzed were brain specimens, and only 70/897 samples were from different matrices (Table 4) . However, the analytical sensitivity of the method has been tested on saliva, showing the same sensitivity values as those for brain specimens and cell culture supernatants (Table 3 ). In addition, we have analyzed a panel of skin biopsy specimens in parallel, comparing this method to the previously described hnRT-PCR (9) and obtaining an almost perfect agreement (see Table S2 in the supplemental material). We acknowledge that further evaluation of the method on a larger panel of matrices is advisable before applying it routinely on these types of clinical specimens. Only 33 saliva specimens/oral swabs and 26 skin biopsy samples were tested in this study (Table 4 ). However, it should also be taken into account that these matrices are not regularly submitted to the laboratories, and therefore, they are not easily available for validation purposes.
We analyzed over 300 RABV representatives from 4 different continents, and strains belonging to LBV, MOKV, DUVV, EBLV-1, EBLV-2, and ABLV. Moreover, results from in silico analyses clearly indicate that the method has the potential to detect all known lyssaviruses, including those belonging to putative new species. A further screening of a wider panel representative of the worldwide diversity of known and emerging lyssaviruses should be applied in order to assess the performances of the method developed in this study. Improvements and subsequent revalidation of molecular diagnostic protocols should always be taken into consideration, not only for rabies but also in the cases of other viral diseases (4, 5, 20, 30, 40) .
In the last decades, the use of molecular methods has largely been adopted as an alternative to diagnose viral diseases, proving to be a valid aid to a diagnostic virological technique (10, 16) . The lack of standardization and interlaboratory reproducibility and quality issues, such as cross-contamination events or false-negative results, have been recognized as major constraints to the use of molecular methods. International organizations are therefore extremely cautious in suggesting standard molecular protocols for rabies diagnosis. The OIE and WHO recommend applying RT-PCR as a typing method only in specialized laboratories, while following, however, recommended validation guidelines (1, 2), and not as a routine technique for postmortem diagnosis. From a more comprehensive point of view, a diagnostic approach based on the application of good laboratory practices, interlaboratory standardization, and the complementary use of both classical and molecular protocols will help overcome the intrinsic limitations of diagnostic methods currently available for rabies (10) . The use of an internal amplification control (IAC) is recommended to eventually identify false-negative samples resulting from the presence of PCR inhibitors or the degradation of the nucleic acid (21) . In this regard, endogenous (i.e., a housekeeping gene) or exogenous nucleic acid (i.e., a microorganism which is usually not found in the sample type to be tested) can be used as an internal control. Such internal controls can be applied to many different tests, running independently of the specific virus assay and currently available in molecular diagnostic laboratories. Alternatively, a competitive IAC (i.e., the target and the IAC are amplified with one common set of primers and under the same conditions in the same PCR tube) can be developed, bearing in mind that all these approaches have both advantages and limitations. For example, if a competitive IAC approach is applied, the different amplification assays will be competing for the same reagents in the same tube; thus, target detection sensitivity may be adversely affected (14, 21 2) . The method can be notably used in combination with standard methods as an early-warning detection tool, since it is capable of rapidly revealing the emergence or the introduction of a novel lyssavirus species in a given susceptible population or geographical area.
